I
n the summer of 1674, the Dutch scientist Antoni van Leeuwenhoek looked through a homemade microscope at a sample of rain water and revolutionized the human view of the world. His report of animalcules, little animals, with "divers incredibly thin little feet or little legs" was the first description of the single-celled protozoa and the cilia that many of them use for locomotion (see box 1; van Leeuwenhoek 1677). Almost exactly 300 years later, the observations of Afzelius (1976) led to another paradigm shift, when he linked defects in the machinery required for the movement of human cilia to Kartagener's syndrome, a disease characterized by chronic sinus and respiratory infections; male infertility; and, amazingly, the misplacement of the heart and other organs. Other cilia, such as primary cilia, lack motility but also are crucial to human health. Although primary cilia were discovered on mammalian cells in the 1890s, and most cells in the human body assemble a primary cilium, until 2000, they were widely considered to be vestigial evolutionary relics with no important function (Bloodgood 2009) . In that year, defective primary cilia in the kidney were linked to the development of polycystic kidney disease (PKD; Pazour et al. 2000) . These studies led to the realization that primary cilia function as cellular antennae that receive signals from the environment and transmit them to the cell body to control many important cellular functions.
The discovery that all cilia may have crucial functions for human health has led to an explosion of interest in these fascinating organelles. The term ciliopathy has been coined to refer to the group of diseases now recognized to be caused by defects in ciliary assembly or function (Badano et al. 2006) . As patients with defects in ciliary motility share common symptoms, so too do patients with defects in nonmotile cilia often exhibit overlap in their symptoms. These ciliopathies are characterized to a greater or lesser degree by cystic kidneys, retinal degeneration and blindness, extra digits and other skeletal abnormalities, fluid accumulation in the brain, cognitive deficits, and obesity. A great deal of effort has been expended over the last decade to identify genes mutated in human ciliopathies and to understand the underlying functional connections between the encoded proteins. Excellent reviews of these advances have been written for professionals in the field (Drummond 2012 , Fliegauf et al. 2007 ); here, we target teachers and students who may not be aware of the recent exciting developments in cilia biology.
What are cilia, and where are they found? Cilia are hair-like structures that extend from the cell body into the fluid surrounding the cell. They are found on many types of single-celled eukaryotes, in which they are adapted for moving the cells through their surrounding fluid, for food uptake, and for sensing the environment. Many plants have sperm cells that swim using flagella (in this review, we will use the terms cilia and flagella interchangeably, because they are nearly identical in their basic structure and composition). In animals, cilia are found on multiple cell types throughout the body and are crucial for normal development and homeostasis.
In humans, cilia are found on almost every cell in the body, and they can be broadly categorized into motile and nonmotile cilia (figure 1a); individual cells appear to assemble either motile or nonmotile cilia but not both. Motile cilia include ependymal cilia in the brain that are responsible for circulating cerebrospinal fluid, and respiratory cilia that move mucus and inhaled particulate matter up and out of Advance Access publication XX XXXX, XXXX Box 1. From Leeuwenhoek to Leber's congenital amaurosis: Little legs at the heart of ciliopathies.
The history of discoveries leading to our current molecular understanding of ciliopathies has been closely tied to the development of new technologies. In the 1670s, Antoni van Leeuwenhoek used a new type of microscope that he designed and built to see for the first time the "little legs" that we now know are the cilia that many single-celled protozoa use for locomotion (van Leeuwenhoek 1677). In 1933, Manes Kartagener recognized the clinical triad of bronchiectasis, chronic sinusitis, and situs inversus as a distinct congenital syndrome (Kartagener 1933) . In 1952, the first "paralyzed" flagellar mutants were described in Chlamydomonas (Lewin 1952) . Also in the early 1950s, electron microscopy, newly applied to biological specimens, revealed that the flagellar axoneme contains nine peripheral filaments, later shown to be doublet microtubules (Manton 1952) . Soon thereafter, De Robertis (1956) and Porter (1957) observed these same filaments in the sensory outer segments of rod cells in the retina, establishing that the outer segments are modified cilia and that motile cilia, photoreceptor outer segments, and basal bodies all belong to the same family of organelles. In 1959, Bjorn Afzelius, using an improved electron microscopy (EM) fixation technique, discovered arms extending from the doublet microtubules (Afzelius 1959) . During the 1960s, further EM and biochemical analyses by Peter Satir and Ian Gibbons led to the development of the sliding filament model of ciliary motility, in which the arms contain an ATPase (adenylpyrophosphatase) termed dynein that uses the energy from ATP (adenosine triphosphate) hydrolysis to slide adjacent doublet microtubules relative to each other (Gibbons and Rowe 1965, Satir 1965 , and see Satir et al. 2014 in this issue). In the 1970s, newly developed gel electrophoresis techniques were applied to isolated C. reinhardtii flagella, revealing an unexpected compositional complexity (Witman et al. 1972 , Piperno et al. 1977 ). In the mid-1970s, Afzelius discovered that the arms were missing from the sperm flagella of four infertile men, three of whom had Kartagener's syndrome, thus establishing the first link between cilia and disease (Afzelius 1976 ); Afzelius termed the disorder immotile cilia syndrome, later renamed primary ciliary dyskinesia (PCD). A mechanistic explanation of the establishment of left-right asymmetry came two decades later, when it was shown for the first time that cilia in the mouse embryonic node are motile (Nonaka et al. 1998 ). In the early 1990s, advances in light microscopy enabled the discovery of intraflagellar transport (Kozminski et al. 1993 ). In the late 1990s, studies of dynein assembly in C. reinhardtii led to the identification of the first PCD genes in humans (Pennarun et al. 1999) . After 2000, studies of human PCD patients and mice mutants linked defective motility of ependymal cilia to the accumulation of fluid in the brain, known as hydrocephalus (Ibanez-Tallon et al. 2004 ).
Over 200 years after van Leeuwenhoek observed motile cilia, Zimmerman described the "central flagellum" of mammalian cells (for a review, see Bloodgood 2009) , establishing the distinction between motile cilia and primary cilia in mammals. However, it would be over 100 years before it was recognized that these primary cilia were anything other than an evolutionary relic: In 2000, studies of intraflagellar transport in C. reinhardtii and a mouse mutant linked primary cilia to polycystic kidney disease (PKD) and showed that the primary cilium functions as a cellular antenna (Pazour et al. 2000 (Pazour et al. , 2003 . This discovery was a precursor to a flood of new connections between multiple human diseases and cilia malfunction. These included nephronophthisis, blindness, and syndromic diseases such as BardetBiedl syndrome (Fliegauf et al. 2007 ). Advancements in mass spectrometry led to the first ciliary proteome-specifically, that of the human cilium-in 2002 (Ostrowski et al. 2002) ; 2005 saw the publication of both the flagellar and basal body proteomes from C. reinhardtii, revealing that many proteins associated with human diseases are located in one or the other of these structures (Keller et al. 2005 , Pazour et al. 2005 . Also in 2005, it was discovered that the hedgehog signaling pathway is mediated through cilia (Huangfu and Anderson 2005) . That year also saw the first of many publications in which the detailed three-dimensional structure of the ciliary axoneme was determined by recently developed cryoelectron tomographic methods (Nicastro et al. 2005 ; also see Satir et al. 2014 in this issue). In the same decade, advances in DNA sequencing led to the discovery of an increasing number of specific genetic mutations underlying various ciliopathies. Beginning in 2010, the study of disease proteins located in the transition zones of C. reinhardtii, Caenorhabditis elegans, and the mouse established that these proteins and the transition zone control entry of membrane proteins into the cilium (Craige et al. 2010 , Garcia-Gonzalo et al. 2011 , Williams et al. 2011 ); more recent work has explored the physical properties of this barrier. the lungs. Following ejaculation, millions of motile sperm use their flagella to swim through the uterus and up into the oviducts. As the sperm cells move through the oviduct, they encounter a flow oriented against their direction of movement generated by oviduct cilia sweeping the ovum from the ovary toward the uterus. Cilia in the node of the embryo are crucial for the correct placement of organs relative to the left-right body axis during development (Nonaka et al. 1998 , Yoshiba et al. 2012 . Among the nonmotile cilia, the kidney collecting duct and tubule cilia stand out as crucially important. These cilia detect fluid flow within the ducts and tubules and help kidney cells maintain proper patterns of cell division (Pazour et al. 2002a , Fliegauf et al. 2007 ). The rod and cone photoreceptor cells in the retina detect light using membrane-associated molecules that are concentrated in structures known as the outer segments, which are modified cilia (Wheway et al. 2013) . The perception of our environment is further facilitated by olfactory cilia, the membranes of which are filled with odorant receptor proteins that detect chemicals in our surroundings and send signals to the brain to be processed into our sense of smell (Jenkins et al. 2009 ). Of central importance to mammalian homeostasis is the establishment of the proper heart anatomy during embryonic development; cilia on the cells of the developing heart are crucial for heart morphogenesis (Willaredt et al. 2012 ). Figure 1a is not exhaustive; additional cell types crucial for human health are ciliated. The wide distribution of cilia throughout the body explains why multiple organ systems are affected in the syndromic ciliary diseases discussed below. The cilium includes the cylindrical protein core known as the axoneme, surrounded by a specialized extension of the plasma membrane (figure 1b). The ciliary matrix, akin to the cell cytosol, is the soluble portion of the cilium bounded by the ciliary membrane and not attached to the axoneme. In nonmotile cilia, a 9+0 axoneme of nine doublet microtubules is assembled from polymers of the alpha and beta tubulin proteins. In motile cilia, this basic structure is augmented to generate a 9+2 axoneme, which has two central singlet microtubules and accessory substructures that generate and regulate motility (see Satir et al. 2014 , in this issue). These include the inner and outer dynein arms, which generate the force needed for ciliary movement; the radial spokes and central microtubule projections, which work together to regulate dynein arm activity; and a dynein regulatory complex that relays mechanical signals from the radial spokes to the dynein arms.
Not surprising for a superstructure of such complexity, the cilium is compositionally complex. Proteomic analysis of the Chlamydomonas reinhardtii flagellum has revealed that it contains over 600 different proteins, most of which are associated with the axoneme (Pazour et al. 2005 ). Each of the major substructures of the axoneme is, itself, a large, multisubunit complex; for example, the outer dynein arm contains at least 16 different proteins, and the radial spokes contain over 20 different proteins. Even so, most axonemal proteins
have not yet been identified with a specific substructure, so many important discoveries are waiting to be made.
The outer doublet microtubules are continuous with the triplet microtubules of the basal body, a cylindrical structure derived from mitotic centrioles. Also associated with basal bodies are accessory structures, such as the transition fibers, which anchor the basal body to the cell surface (figure 1b). Between the basal body and the axoneme proper is the transition zone, a region that is a major focus of ciliopathy research. Connected to the nine peripheral doublets in this region are Y-shaped structures, visible through electron microscopy (EM) and depicted in the diagram on the right side of figure 1b , that connect the transition zone membrane to the underlying microtubules. Several studies have now linked proteins normally found in the transition zone to a function in regulating ciliary protein composition. This has led to the model that the transition zone is a kind of gate or sieve that excludes nonciliary proteins from the cilium while allowing the entry of appropriately targeted ciliary proteins (Craige et al. 2010 , Garcia-Gonzalo et al. 2011 , Williams et al. 2011 .
Despite the fact that cilia are composed of many hundreds of proteins, these proteins are not synthesized within the cilia. Therefore, new proteins incorporated into the growing or steady-state axoneme must be transported into cilia from their sites of synthesis in the cell body; many of these proteins are known to be incorporated into the axoneme at the ciliary tip (Rosenbaum and Witman 2002) . The question of how cells deliver axonemal proteins from the cell body to the ciliary tip was answered in part in 1993 with the description of intraflagellar transport (IFT), a bidirectional movement of large particles along the doublet microtubules just beneath the flagellar membrane. IFT is evolutionarily highly conserved and is required for the assembly of almost all cilia, including both primary and motile cilia, in every organism in which it has been studied. Visible through EM, IFT particles appear to be linear arrays of subunits (Kozminski et al. 1993 , Pigino et al. 2009 ); such arrays are now termed IFT trains. The locomotives for anterograde trains-the trains moving toward the tip-are members of the kinesin family of microtubule motors; retrograde trains are carried back to the cell body by another microtubule motor, a specialized cytoplasmic dynein. Both anterograde and retrograde IFT trains carry cargo, including both axonemal and membraneassociated proteins. In further analogy to freight trains, some IFT trains include specialized cars that are adapted for carrying specific types of cargo. One example of a specialized cargo adapter with particular significance for human health is the BBSome; genes encoding many of its proteins are mutated in the human disease Bardet-Biedl syndrome (BBS; Nachury et al. 2007 , Lechtreck et al. 2009 ).
Although the specifics of IFT function have been somewhat elusive, some details have emerged over the last 15 years. IFT trains are composed of two separable protein complexes known as IFT-A and IFT-B, which, together, contain at least 20 different proteins, known as IFT-particle proteins. Because most IFT-B mutants fail to assemble cilia and many IFT-A mutants have ciliary bulges containing material that would normally be transported out of the cilia by retrograde trains, it has been proposed that IFT-B is more important for anterograde transport and that IFT-A is more important for retrograde transport Witman 2002, Taschner et al. 2012 ). In addition, it is now abundantly clear that IFT has important cargo transport functions other than transporting axonemal precursors for ciliary assembly. In fact, mammalian extracellular signaling pathways, including hedgehog and possibly canonical and noncanonical Wnt pathways, depend on IFT for their function (Goetz and Anderson 2010, Lancaster et al. 2011) . These pathways play crucial roles during embryonic development, which explains why many ciliopathies caused by defects in IFT are congenital developmental disorders rather than degenerative diseases. In addition, for these pathways to function properly, the signaling receptors must be included or excluded from the ciliary membrane at specific times and under precise sets of conditions. Therefore, the regulation of ciliary membrane composition, which occurs at the basal body-transition zone region, is of special importance for human health.
Diseases caused by defects in cilia
To date, all diseases caused by defective cilia are due to mutations in the nuclear genome; as a result, all are inherited and many are manifested in the embryo or newborn. Below we discuss some of the most well characterized ciliopathies.
Primary ciliary dyskinesia. Because cilia are so widespread in the human body, defects in cilia frequently cause syndromesthat is, collections of symptoms in which multiple tissues are affected by a single underlying cause. The first of these to be identified was immotile cilia syndrome or primary ciliary dyskinesia (PCD; Afzelius 1976 , Knowles et al. 2013 , which is caused by defects in motile cilia and should not be confused with disorders caused by defects in primary cilia, which are discussed below. Patients with PCD have chronic bronchitis and sinusitis because their cilia fail to clear mucus and inhaled bacteria out of their airways. Because of their recurrent bacterial infections, they also develop bronchiectasis, an irreversible dilation of the bronchi that leads to severely impaired respiratory function ( figure 2a, 2b) . The male patients are infertile, because of impaired motility of the sperm flagellum. About half of the patients have situs inversus due to impaired motility of the nodal cilia that initiate left-right asymmetry in the early embryo. Situs inversus is a condition in which the positions of the heart and other internal organs are reversed during development (figure 2c). Normal nodal cilia (figure 1a) generate a leftward flow of fluid over the node, and this flow initiates a signaling cascade that leads to normal left-right asymmetry (Nonaka et al. 1998 , Yoshiba et al. 2012 . When this flow is missing or abnormal, it is a matter of chance whether this signaling cascade is initiated on the left or right side; therefore, half of PCD patients have normal left-right asymmetry, and half have situs inversus. Finally, patients with PCD have a greatly increased incidence of hydrocephalus, which is an abnormal accumulation of cerebrospinal fluid in the ventricles of the brain that leads to an enlargement of the head; this is due to defective motility of the ependymal cilia (figure 1a) that help circulate the cerebrospinal fluid (Ibanez-Tallon et al. 2004) .
As more and more proteins that generate motility in the cilium have been identified, this has facilitated the discovery of the genes that cause PCD when they are mutated. Currently, approximately 20 PCD genes are known (Knowles et al. 2013) . Most of these genes encode proteins of the outer dynein arms, the radial spokes, the dynein regulatory complex, and the central microtubule projections, as well as proteins necessary for preassembly of the dynein arms, which occurs in the cytoplasm. However, all together, these known PCD genes account for only about half of all PCD cases, so it is likely that there are many more PCD genes yet to be identified. In general, mutations specifically affecting ciliary motility and causing PCD lead to a different set of symptoms than those affecting nonmotile cilia, which are discussed below.
Polycystic kidney disease. Polycystic kidney disease, or PKD, is the most common life-threatening inherited disease in humans, and it affects 12.5 million people worldwide. The disease comes in two major forms: autosomal dominant and autosomal recessive. Autosomal dominant PKD (ADPKD) affects mostly adults and has an incidence of at least 1 in 1000. Autosomal recessive PKD (ARPKD) occurs in neonates and children; it affects up to 1 in 6000 live births, and in 75% of these cases, death occurs within a few days (Grantham 1998) . Both types of the disease result from excessive proliferation of the epithelial cells lining the ducts and tubules of the kidney, so that the lumens of the ducts become closed off as cysts, which then expand, leading to a massive enlargement of the kidneys, which can become as big as an American football (figure 2d). Ultimately, this leads to end-stage renal failure.
The first hint of a connection between PKD and cilia came from the finding that homologues of the human proteins polycystin-1 and polycystin-2, which, together, account for most cases of ADPKD, are localized to the sensory cilia involved in the mating behavior of the nematode Caenorhabditis elegans (Barr and Sternberg 1999) . Shortly thereafter, sequencing of IFT-particle proteins in Chlamydomonas revealed that one of these proteins, IFT88, was a homologue of a mouse protein of then-unknown function defective in the murine model for ARPKD. Genetic analysis showed that IFT88 was essential for flagellar formation in Chlamydomonas; EM examination of the mutant mouse kidney then showed that the mouse homologue was similarly necessary for the assembly of the primary cilia in the kidney's collecting ducts and tubules (Pazour et al. 2000) . Therefore, the underlying defect in the mouse model for ARPKD was a failure to form kidney primary cilia because of a malfunction in IFT. However, at that time, the function of the primary cilium was not known, and why an inability to form these cilia in the kidney would lead to ARPKD was not clear. A key insight was gained from the finding that polycystin-2 at the surface of mouse and human kidney cells was specifically localized to the primary cilium (Pazour et al. 2002a ). Because polycystin-1 and polycystin-2 interact to form a receptor-channel complex that acts at an early step in a signaling pathway that controls kidney epithelial cell differentiation and proliferation, it was concluded that the primary cilium was functioning as a sensory antenna, displaying these two PKD proteins to the environment and relaying signals from them to the cell body. Mutation of either of these two ciliary proteins, or an inability to assemble the cilium as a whole, as in the mouse model, results in the defective ciliary signaling that leads to PKD. Therefore, PKD is a disease of the cilium. Although this proposal was initially met with considerable resistance from some investigators in the PKD field, most proteins associated with PKD have now been localized to primary cilia or their basal bodies, and the ciliary theory of PKD is now well established (Fliegauf et al. 2007 ).
Blindness. Blindness due to retinitis pigmentosa (photoreceptor cell degeneration) is also frequently associated with defects in IFT, including defects in IFT-particle proteins and the BBSome, an IFT-cargo adaptor (figure 2e, 2f; Wheway et al. 2013 ). The rod and cone cells of the retina have an inner segment, in which proteins are synthesized, and an outer segment, which contains the membranous disks on which the opsins responsible for photoreception are located (figure 1a). The entire outer segment is a modified cilium. The only connection between it and the inner segment is via a 9+0 structure known as the connecting cilium, which is a greatly elongated transition zone. Therefore, all of the billions of copies of proteins (such as opsin) that are necessary to build and maintain the outer segment must pass through the connecting cilium (Crouse et al. 2014 ). Many of these proteins are likely to be dependent on IFT for their movement into the outer segment. Studies in the 1990s showed that the anterograde IFT motor, kinesin-II, was located in the vertebrate connecting cilium and that knockout of this motor in the mouse retina resulted in outer segment abnormalities and retinal degeneration (Marszalek et al. 2000) . More definitive evidence for the involvement of IFT came shortly thereafter, when it was shown that IFT-particle proteins also localized to the connecting cilium and that the same IFT88 mutation that causes PKD in mice (see above) also caused abnormal outer segment development and the death of photoreceptor cells by apoptosis (Pazour et al. 2002b) . Subsequent studies have documented similar results for mice lacking other IFT-particle proteins. Therefore, it seems likely that photoreceptor cells are exquisitely sensitive to perturbations in the transport of proteins to the outer segment and respond by initiating apoptosis to commit cell suicide, thereby ensuring the elimination of defective cells from the retina.
As was noted above, the connecting cilium of photoreceptor cells is thought to be a greatly elongated ciliary transition zone, and proteins that localize to the transition zone in other cell types localize to the connecting cilium of photoreceptor cells. Interestingly, defects in these proteins seem to have a high probability of causing blindness. For example, mutations in the transition zone and connecting cilium protein CEP290 cause Leber's congenital amaurosis (amaurosis is Greek for "darkness"), an isolated (i.e., only one organ is affected) early-onset form of retinal degeneration (den Hollander et al. 2006) . Inasmuch as the transition zone appears to form a barrier to the entry of nonciliary proteins into the cilium and may also be the site at which ciliary proteins are sorted to gain access to the cilium, it is likely that these functions are particularly important in photoreceptor cells. This may explain why the transition zone is so elongated in these cells and why the cells are so sensitive to defects in the sorting or trafficking of proteins to the outer segment.
In disorders such as Leber's congenital amaurosis, in which degeneration of the photoreceptor cells is progressive whereas other organs are spared, there is a window between diagnosis and the complete loss of the photoreceptors during which the disorder could be amenable to gene therapy. Gene therapy by subretinal injection of a vector expressing a wild-type form of the mutated protein has been successful for a form of Leber's congenital amaurosis caused by defects in a protein specific to retinal pigmented epithelial cells, which are located adjacent to the tips of the photoreceptor outer segments (Maguire et al. 2008) . Although significant challenges remain, efforts are now underway to develop the methodology for similar rescue of photoreceptor cells affected by defects in ciliary proteins such as CEP290.
Syndromic developmental disorders. As the group of ciliopathyassociated phenotypes has become more well defined, several additional syndromes have been identified as ciliopathies. These range in severity from disorders that include one or two common ciliopathy phenotypes that are not acutely life threatening to more severe lethal disorders combining multiple different symptoms. On the less severe end of the spectrum, Senior-Løken syndrome primarily involves only retinitis pigmentosa and nephronophthisis, a cystic kidney disease that involves kidney malfunction with little to no kidney enlargement (figure 2g; Hildebrandt and Zhou 2007) . A more severely life-threatening syndrome, Jeune asphyxiating thoracic dystrophy (JATD), involves severe constriction of the rib cage due to the development of abnormally short ribs, in some cases leading to death from insufficiency in lung ventilation (figure 2h). The rib cage defect in JATD is accompanied by short limbs and, occasionally, by polydactyly, the development of extra digits (figure 2i; Huber and Cormier-Daire 2012) .
Skeletal malformations such as those in JATD are relatively common among ciliopathies and are shared to varying degrees by different syndromes. They also highlight the importance of specific cilia-dependent signaling pathways for the development of the skeleton. As was mentioned above, hedgehog signaling is dependent on IFT in cilia and is required for normal skeletal patterning during development. The receptor protein for this pathway is found in the ciliary membrane, and once hedgehog ligand binds to this receptor, a complex series of events occurs involving the export of the receptor from the cilium, the trafficking of transcriptional regulatory proteins through the cilium and to the nucleus, and their ultimate activation of the downstream genes involved in normal tissue patterning (Goetz and Anderson 2010) .
Another disorder with polydactyly as a common feature is BBS. In addition to polydactyly, the hallmarks of BBS are obesity, cystic kidneys, retinal degeneration, brachydactyly (short digits; figure 2j), and small genitalia (Forsythe and Beales 2013) . This disorder has been attributed to defects in the BBSome, which functions as a cargo adapter linking IFT particles to certain membrane proteins, including signaling proteins (Lechtreck et al. 2009 ). Although the exact mechanism of disease development is unclear, at least some of the clinical manifestations of BBS are likely to involve specific signaling defects.
A number of other syndromic ciliopathies are caused by mutations in IFT-associated genes. Mutations in both IFT-A and IFT-B proteins have been associated with skeletal ciliopathies (Huber and Cormier-Daire 2012) . However, IFT-A may be particularly closely connected with these disorders because causative mutations for these diseases have now been identified in the genes encoding all known IFT-A proteins. In one example, the gene encoding the IFT-A protein IFT140 was found to be mutated in multiple cases of MainzerSaldino syndrome (MSS; Perrault et al. 2012 ). This disorder is defined by an abnormal cone-shaped appearance of the normally rounded ends of the long bones in the fingers, kidney disease, severe early-onset retinal degeneration, and mild abnormalities of the upper portion of the femur (Perrault et al. 2012 ). An interesting possible clue about a specific function for the IFT140 protein is that skeletal ciliopathies caused by other IFT-A mutations generally do not include retinal degeneration. Therefore, the retinal problems seen in MSS may indicate a specific function for IFT140 in the assembly and maintenance of the retina (Perrault et al. 2012) .
Some syndromic ciliopathies also have distinctive central nervous system (CNS) abnormalities as hallmarks of the diseases. One of the most well-studied examples is Joubert syndrome, which presents with extremely variable multiorgan involvement. Many of these defects, including retinal degeneration, polydactyly, and kidney disease are shared with other ciliopathies. However, the diagnostic feature of Joubert syndrome is the presence of the molar tooth sign-a striking tooth-shaped abnormal growth of tissue visible in evaluations of the brain created through magnetic resonance imaging. The brain abnormalities are accompanied by some level of cognitive disability in essentially all patients (Romani et al. 2013) . A more severe ciliopathy exhibiting a characteristic CNS defect is Meckel syndrome (MKS). Ninety percent of MKS cases have an occipital encephalocele, a protrusion of brain tissue and associated protective membranes through a hole in the back of the skull. MKS also includes the prenatal development of enlarged cystic kidneys, enlarged liver, and polydactyly (Salonen and Paavola 1998) . The combination of these multiple severe defects prior to birth explains the almost exclusively prenatal and perinatal lethality characteristic of MKS.
Model organisms in ciliopathy research
Pedigree analysis combined with modern DNA-sequencing technologies have led to the identification of a number of new candidate ciliopathy genes in recent years. Research in which immortalized human cells and primary cell culture from ciliopathy patients were used has also been important for answering some human-specific questions and for testing hypotheses generated by work in other organisms. However, for obvious ethical reasons, many types of questions related to ciliopathy mechanisms cannot be answered directly by research on humans. In addition, the growth of tissue culture cells is expensive, and there are technical limitations on what can be accomplished with research on human cells. For instance, classical genetic analysis is not available in cell lines. These cells cannot be mated, and, until very recently, no tools were available to easily make targeted gene knockouts in cell lines. In addition, the biochemical analysis of human cilia has so far been extremely challenging because of the need to grow large numbers of cells and the difficulty of isolating cilia in large quantities and high purity.
Because of the limitations of working with human cell lines, nonhuman model organisms have been crucial in the discovery of ciliopathies and the subsequent explosion of ciliopathy research. These different model organisms each have their own advantages, which are highlighted below. Importantly, some can be grown cheaply and easily and are ideal for use in the teaching laboratory.
• The green alga Chlamydomonas reinhardtii. Perhaps no model organism has been more central to our developing understanding of ciliopathies and basic cilia biology than Chlamydomonas reinhardtii ( figure 3a ). This single-celled green alga swims using a breaststroke-like motion of its two flagella. It is very easy and inexpensive to grow in large quantities in the laboratory. Because its flagella extend so far away from the cell body, a variety of microscopy techniques can be applied to learn about its flagellar structure and function. C. reinhardtii is a haploid organism with genetics very similar to those of yeast. When DNA-containing selectable markers are introduced into the cell, they integrate randomly throughout the genome, allowing the generation of mutants containing exogenous DNA insertions. Because the flagella of C. reinhardtii are dispensable for survival, insertional mutants have been used to identify mutations in genes encoding a large number of important ciliary proteins. C. reinhardtii also has a distinct biochemical advantage because its flagella can easily be isolated from cell bodies at a very high level of purity. Finally, following flagellar amputation, cells will synchronously regrow new flagella, which allows a detailed analysis of flagellar assembly.
• The house mouse, Mus musculus. The common house mouse (figure 3b) is often a useful stand-in for humans in basic and preclinical ciliopathy research. Mice offer the advantage of being a multicellular vertebrate organism that is the most evolutionarily closely related to humans of any of the common model organisms. They have both motile and nonmotile cilia and similar organ and tissue distributions to those found in humans. In addition, there are well-established protocols for generating gene knockout mice. Because human and mouse protein structure and function are highly conserved, mice offer a tractable genetic model system for studying the function of newly identified ciliopathy genes. Mouse models are now available for many ciliopathies, including PCD, ADPKD, ARPKD, hydrocephalus, BBS, Leber's congenital amaurosis, and nephronophthisis (Damerla et al. 2014, Norris and Grimes 2012) .
• The ciliate Tetrahymena thermophila. The ciliated protozoan Tetrahymena thermophila (figure 3c) offers the biochemical advantages of a single-celled organism because it can be grown cheaply in large quantities and because its hundreds of cilia can be isolated at a high level of purity. However, unlike C. reinhardtii, T. thermophila undergoes frequent homologous recombination. This means that gene knockouts using exogenously introduced DNA sequences are relatively easy in T. thermophila, which gives this organism a genetic toolbox complementary to the one available in C. reinhardtii. Because gene knockouts are brought to expression in the somatic macronucleus in one quick step, even lethal mutations can be studied to determine the mechanism of lethality. This is important because T. thermophila requires cilia for the completion of cytokinesis and for normal feeding, which, under standard growth conditions, leads to eventual cell death in mutants lacking cilia (Brown et al. 1999 ).
• The roundworm Caenorhabditis elegans. Caenorhabditis elegans (figure 3d) is a small multicellular nematode amenable to genetic and molecular techniques. C. elegans lacks motile cilia; however, a subset of its neurons grow nonmotile sensory cilia that are exposed to the external environment. Because these cilia help to control the worm's behavior in response to its environment, researchers can use relatively easy behavioral genetic screens to look for mutants with defects in cilia structure and function. Large mutant collections generated in this way have led to the identification of several important IFT mutants. Well-established methods allow imaging of fluorescently tagged proteins moving in the cilia (Vincensini et al. 2011 ).
• The zebrafish, Danio rerio. The zebrafish (figure 3e) undergoes complex vertebrate development with similarities to those of humans and mice that are relevant to ciliopathy research. These include kidney, eye, and heart development and similar involvement of cilia in the determination of leftright asymmetry. However, zebrafish have the considerable advantage over mice that their embryonic developmental processes are much more visible. Not only are the embryos semi-transparent, but they also develop externally, as opposed to mouse development inside the mother's uterus. Zebrafish are also small and easy to rear and produce much larger numbers of offspring than mice do. Techniques are well developed for knocking down the expression of a single gene, as well as for the generation of mutants. Larvae with defective cilia have a distinctive phenotype (figure 3e, bottom panel) and can be identified a few days after fertilization; large mutant collections have already been developed in which many ciliarelated genes are disrupted (Vincensini et al. 2011 ).
• The sleeping sickness parasite, Trypanosoma brucei. As the causative agent of sleeping sickness, a fatal tropical disease, Trypanosoma brucei (figure 3f) has been the subject of intensive molecular and cell biological investigations aimed at vaccine and antiparasite drug development. Many of the tools that have been developed in these studies are applicable to cilia research. T. brucei has a single long flagellum that remains attached to the cell body along most of its length. T. brucei can be maintained in culture in the laboratory and shares some features with both T. thermophila and C. reinhardtii that make it an attractive model. Because of its long flagella, observation of the movement of fluorescently tagged IFT proteins is more feasible than in organisms with shorter cilia. In addition, like T. thermophila cilia development, the preexisting flagellum is not resorbed prior to the initiation of the assembly of the new flagellum. Therefore, flagellar maintenance and assembly can be studied simultaneously in a single cell, something not possible in C. reinhardtii, in which both flagella are resorbed prior to cell division. Like T. thermophila, genes can also be readily replaced by homologous recombination, which makes targeted gene disruption and tagging at the endogenous gene locus possible. Because flagella are required for the survival of T. brucei, stable mutants lacking flagella cannot be generated. However, RNA interference (RNAi) can be used to knock down the expression of proteins required for flagellar assembly and function. Because the double-stranded RNA needed for RNAi can be expressed under the control of an inducible promoter, the knockdown can be turned on and off, which allows the effect of protein loss to be observed in real time (Vincensini et al. 2011 ).
• The flatworm Schmidtea mediterranea. The planarian Schmidtea mediterranea (figure 3g), which is easily and cheaply maintained in the laboratory, is the only multicellular model organism on our list with an external multiciliated epithelium. The ventral surface of the animal is covered with a layer of epithelial cells, each of which grows many cilia, similar to the ciliated respiratory epithelium in humans. The planarian uses the beating of these cilia combined with muscle contraction for locomotion. S. mediterranea also secretes mucus, which adheres to the substrate on which the animal is moving; the cilia presumably gain traction by moving against this mucus highway. Therefore, S. mediterranea is potentially a model system for studying mucus transport by cilia in the airway. Interest in tissue regeneration in S. mediterranea has led to the development of a variety of molecular and cell biological techniques, including a completed genome sequence and facile disruption of gene expression by RNAi (Rompolas et al. 2009 ).
Conclusions
Although the first years of the twenty-first century have seen an explosion in our understanding of the roles of cilia in human health and disease, there is much more to be learned. For example, cancer and certain neurological diseases, which were not discussed here, also may involve cilia. Moreover, even though most ciliary proteins are likely to cause disease when they are defective, we understand the specific functions of only a tiny subset of these proteins; studies of model organisms will be necessary to elucidate their functions. Recently, there have been hints that some ciliopathies may involve noncoding RNAs; this is another area for future investigation. Just as technical advances have enabled many of the past discoveries related to cilia and flagella, we can anticipate that new and improved techniques will open new avenues for gaining further insight into these immensely important and ever more fascinating cell organelles.
